Cognitive impairment in HIV-1 infection is associated with the induction of chronic proinflammatory responses in the brains of infected individuals. The risk of HIV-related cognitive impairment is increased by cigarette smoking, which induces brain inflammation in rodent models. To better understand the role of smoking and the associated immune response on behavioral and motor function in HIV infection, wild-type F344 and HIV-1 transgenic (HIV1Tg) rats were exposed to either smoke from nicotinecontaining (regular) cigarettes, smoke from nicotine-free cigarettes, or to nicotine alone. The animals were then tested using the rotarod test (RRT), the novel object recognition test (NORT), and the open field test (OFT). Subsequently, brain frontal cortex from the rats was analyzed for levels of TNF-α, IL-1, and IL-6. On the RRT, impairment was noted for F344 rats exposed to either nicotine-free cigarette smoke or nicotine alone and for F344 and HIV1Tg rats exposed to regular cigarette smoke. Effects from the exposures on the OFT were seen only for HIV1Tg rats, for which function was worse following exposure to regular cigarette smoke as compared to exposure to nicotine alone. Expression levels for all three cytokines were overall higher for HIV1Tg than for F344 rats. For HIV1Tg rats, TNF-α, IL-1, and IL-6 gene expression levels for all exposure groups were higher than for control rats. All F344 rat exposure groups also showed significantly increased TNF-α expression levels. However, for F344 rats, IL-1 expression levels were higher only for rats exposed to nicotine-free and nicotine-containing CS, and no increase in IL-6 gene expression was noted with any of the exposures as compared to controls. These studies, therefore, demonstrate that F344 and HIV1Tg rats show differential behavioral and immune effects from these exposures. These effects may potentially reflect differences in the responsiveness of the various brain regions in the two animal species as well as the result of direct toxicity mediated by the proinflammatory cytokines that are produced by HIV proteins and by other factors that are present in regular cigarette smoke.
Introduction
Individuals with HIV-1 infection are at high risk for the development of neurological complications, with nearly half at risk for developing neurocognitive impairment (Heaton et al. 2011) . Prominent among the abnormalities that develop among such individuals are cognitive and motor deficits, including impairment of attention, learning, memory, coordination, and motor speed (Heaton et al. 2004 ). In addition, HIV infection is associated with an increased incidence of behavioral abnormalities such as generalized anxiety and panic disorders (Brandt et al. 2017) . Nervous system damage in HIV infection has been found to be mediated by neurotoxicity that results, in part, from by-stander effects from chronic inflammation induced by factors secreted by persistently infected mononuclear cells (Anderson et al. 2002) . The secretion of such factors has been demonstrated to be enhanced due to the effects of substances such as stimulants (methamphetamine and cocaine) and opioids (Nath 2002) .
Recent studies suggest that measures of attention, learning, and memory in HIV-infected individuals get even worse with cigarette smoking (Harrison et al. 2017) . Cigarette smoke exposure has been linked to an increased risk of other neurological disorders, such as stroke, Alzheimer's disease, and multiple sclerosis (Ascherio and Munger 2007; Cataldo et al. 2010; Shah and Cole 2010) . HIV-infected smokers also have a higher mortality than infected nonsmokers and HIV-negative individuals (Helleberg et al. 2013) , suggesting likely direct effects from smoking and interactions between smoking and HIV-1 infection on mortality. Also, although data may be conflicting as to whether cigarette smoking can increase progression to AIDS (Galai et al. 1997; Nieman et al. 1993) , smoking has been associated with an increased HIV plasma viral load (Wojna et al. 2007) , and an increased risk of developing neurocognitive impairment (Harrison et al. 2017; Wojna et al. 2007 ). Approximately 40% of HIV-positive individuals are cigarette smokers (Lifson and Lando 2012) , which is more than twice the prevalence of smoking among adults in the general population (Jamal et al. 2016) . Therefore, it is important to develop models that can be utilized to study mechanisms that may be linked to the development of nervous system impairment that may occur due to cigarette smoking or from other forms of cigarette smoke exposure.
In previous studies utilizing Lewis rats, we found that cigarette smoke exposure resulted in profound increases in cytokine gene expression and oxidative stress responses in the brains of the animals (Khanna et al. 2013) . These responses included elevated levels of interferon (IFN)-γ, tumor necrosis alpha (TNF)-α, and interleukin (IL)-6 mRNA as well as increased levels of nitric oxide synthase and decreased levels of superoxide dismutase with no change in levels of thioredoxin gene expression. In order to study interactions between smoking and HIV infection, we exposed HIV-1 transgenic (HIV1Tg) and wild-type Fisher (F344) rats to smoke from nicotine-containing (regular) cigarettes, cigarettes containing negligible amounts of nicotine (nicotine-free cigarettes) and to nicotine alone. These studies revealed that such exposures result in specific effects on behavioral responses in the animals in association with enhanced activation of proinflammatory cytokine genes.
Materials and methods

Animals and exposures
Male and female F344 and HIV1Tg rats, 3-6 months of age, were utilized for these studies. The production of the HIV1Tg rat has been previously described in detail (Reid et al. 2001 ).
The rats were maintained on a 12-h light-dark cycle (lights on at 6 AM). Both F344 and HIV1Tg rats were randomly assigned to four separate treatments. First, two cohorts of rats were exposed to either smoke from four 3R4F research grade cigarettes containing 0.7 mg nicotine/cigarette (regular cigarettes; KTRDC Tobacco Biotechnology Group, University of Kentucky) or smoke from four Quest 3 Cigarettes, which contain trace amounts of nicotine (0.05 mg nicotine/cigarette; Vector Tobacco, Morrisville, NC) and are essentially nicotine-free (nicotine-free cigarettes). Over a 6-week period, the animals were exposed to two cigarettes twice per day, 5 days per week with no smoke exposures over the weekends. The exposures lasted 8-10 min/cigarette. Another group of rats was concurrently treated with subcutaneous injections of 0.5 mg/kg/day of nicotine tartrate salt (Sigma-Aldrich, St. Louis, MO) dissolved in sterile 0.9% NaCl with the same schedule as smoke exposure groups. The control rats were exposed using the same schedule to the experimental apparatus but not to cigarette smoke or nicotine. The numbers of rats in each group were as follows: 12 F344 and 12 HIV1Tg rats were exposed to control conditions, 7 F344 and 12 HIV1Tg rats were exposed to nicotine-free cigarette smoke, 9 F344 and 12 HIV1Tg were exposed to regular cigarette smoke, and 11 F344 and 12 HIV1Tg rats were treated with subcutaneous nicotine. The University of Maryland School of Medicine Institutional Animal Care and Use Committee approved all studies.
Behavioral and motor studies
Behavioral testing was performed during the light phase of the light-dark cycle, during the last week of study. For the testing, the rats were transported in their cages from the animal facility to the testing facility. One week before the start of the behavioral testing, the rats were transported daily to the testing facility and allowed at least 2 h of habituation time after the transfer. At the end of the habituation period, the animals were transported back to the animal facility. On the mornings of the testing, the behavioral tests were conducted at the end of the habituation period. The following tests were performed:
1. Rotarod test. Rotarod testing is used for assessing motor coordination and balance and for examining motor learning (Kralic et al. 2003; Taylor et al. 2003) . In this test, the rats are placed on the top of a rotating drum and must walk at the same rotating speed of the drum, or they will fall. Rotarod testing was performed using an IITC Life Science (Woodland Hills, CA) apparatus, consisting of a circular drum (9.5-cm diameter). Animals were habituated to the testing apparatus and rotation of the drum through training trials administered three times per day over 3 days. During training, the rotations were started at 4 RPM and linearly accelerating up to 40 RPM over 5 min. The latency to fall from the rotating drum was the primary outcome and was automatically recorded. 2. Novel object recognition test. This is an object discrimination task that assesses recognition memory. The testing was conducted on two consecutive days in the same arena with the same type of conditions as described in the open field test section. On the first day, two identical objects (either two Pyrex bottles filled with sand or two small flower pots turned upside down, which were comparable in size and counterbalanced between the animals) were placed in the arena. Animals were allowed to interact with the objects, and the amount of time during which their head and the object were in close proximity was recorded over a period of 15 min. On following day (the testing day), in the same arena, one of the identical objects was replaced with the unfamiliar object. The primary outcome for this analysis was, for a 10-min testing period, the ratio of the time spent with the novel object versus the time spent with the familiar object.
Open field test. The open field test examines general
locomotor activity as well as a willingness to explore the center portion of the arena, and both can be decreased due to increased anxiety (Rodriquiz and Wetsel 2006) . Rats were placed in a large circular open field arena (140-cm diameter × 66-cm height), made of plastic, and allowed to freely move for 15 min. The chamber was illuminated at 35 lx in the center. Behavior was recorded and then analyzed with the Top Scan (Cleversys) system. The recorded outcomes utilized for this analysis were time spent in the center (defined as 50% of the total area) and the total distance moved.
Cytokine gene expression analyses
Total RNA was purified from lysates produced from frontal cortex and analyzed by reverse-transcriptase polymerase chain reaction, as previously described (Royal et al. 2012) . The PCR primers that were used are as follows: (1) TNF-α: forward = 5′-TCT TCT CGA ACC CCG AGT GA-3′, reverse = 5′-CGG TTC AGC CAC T-3′; (2) IL-1β: forward = 5′-TGT GAT GAA AGA CGG CAC AC-3′; reverse = 5′-CTT CTT CTT TGG GTA TTG TTT GG-3′ (3) IL-6: forward = 5′-TCA AGG GAA AAG AAC CAG ACA-3′; reverse = 5′-GGT TTC AAA TCA CTC ACC CAT AC-3′; (4) GAPDH (internal control): forward = 5′-CGA CCA CTT TGT CAA GCT CA-3′; reverse = 5′-AGG GGA GAT TCA GTG TGG TG-3′. Data analyses were performed employing the ΔΔ Ct method (Applied Biosystems 2008).
Statistical analyses For the behavioral and motor testing, the average of the mean time to fall for each day over the 3-day period for the rotarod test, the mean ratio of time spent with the novel object, and the mean time spent in the center area and mean total distance traveled on the open field test were analyzed by one-way analysis of variance (ANOVA) with post hoc testing of significant differences using Tukey's multiple comparisons test. To analyze the combined effects of the different exposures and animal genotype on the test outcomes and the potential interaction between the two factors, a twoway ANOVA was also performed. Mean levels of cytokine gene expression were analyzed by two-way ANOVA with post hoc testing using the Bonferroni test to correct for multiple comparisons. All data analyses were performed using Prism 7 for Windows (GraphPad Software, Inc., San Diego, CA.).
Results
Effects of cigarette smoke and nicotine exposure on F344 and HIV1Tg rat motor, memory, and behavioral function Rotarod Performance on the rotarod test was assessed by measuring the mean latency to fall. Analysis of the data by twoway ANOVA showed a significant main effect for exposure type, but no significant main effect for genotype. There was also no significant interaction between these two factors (Table 1) . Post hoc analysis revealed that, compared to control F344 rats, higher mean latency to fall times were measured for F344 rats either exposed to smoke from regular cigarettes (p < 0.001) or injected with subcutaneous nicotine (p < 0.01). Also, mean latency to fall times for HIV1Tg rats that had been exposed to smoke from regular cigarettes were higher than for control HIV1Tg rats (p < 0.01) as well as control F344 rats (p < 0.001) (Fig. 1a) .
Novel object recognition On the novel object test, two-way ANOVA revealed no main effect of either exposure type or genotype or their interaction and no significant differences were noted for the percentage of time that the rats in the different exposure groups spent observing the novel object (Table 1; Fig. 1b) .
Open field testing For open field testing, center times and total distance traveled were analyzed. Analysis of center times by two-way ANOVA revealed a significant main effect for exposure type, but no significant effect for genotype and no significant interaction between the two (Table 1) . Post hoc analyses found that HIV1Tg rats exposed to regular cigarettes on average spent more time in the center than for HIV1Tg rats that were exposed to nicotine alone (p < 0.05) (Fig. 1c) . No significant differences between the F344 and HIV1Tg rat groups were observed for total distance traveled (data not shown).
Effects of cigarette smoke and nicotine exposure on proinflammatory cytokine gene expression in HIV1Tg and F344 rat brain Gene expression for the proinflamatory cytokines IL-1, TNF-α, and IL-6 in frontal cortex was examined for the HIV1Tg and F344 rats that were either nonexposed or exposed to regular cigarettes, nicotine-free cigarettes, or to nicotine alone. Analysis of the expression levels by two-way ANOVA showed that, for all three cytokines, main effects of both genotype and exposure group were statistically significant. Interaction between exposure group and genotype was significant for IL-1 and TNF-α but not for IL-6 ( Table 2 ). The levels of expression for these genes were overall higher for HIV1Tg rats relative to F344 rats (Fig. 2a) . Subsequent Bonferroni-corrected pairwise comparisons between control and exposure groups in each genotype (Fig. 2b) showed that, compared to the control group, all exposure groups showed elevated gene expression levels for all three cytokine genes in HIV1Tg rats. However, for F344 rats, there was no change in IL-6 expression levels in any exposure groups. On the other hand, TNF-α expression levels significantly increased in all exposure groups in F344 rats. Also, for IL-1, F344 rats showed increased expression levels in both nicotine-free and nicotine-containing cigarettes compared to controls but not in the nicotine-alone condition.
Discussion
The HIV-1 transgenic rat (HIV1Tg rat) was developed using a noninfectious transgene produced by deleting a portion of the viral gag-pol region from the infectious HIV-1 plasmid pNL4-3 (Reid et al. 2001) . The transgene expresses seven of the nine HIV genes but does not produce infectious virus. The model mimics a number of abnormalities that have been demonstrated in humans with HIV infection. As we and others have previously demonstrated, these animals show evidence of (1) an increased proinflammatory state in brain and in peripheral immune cells (Cho et al. 2017; Gorantla et al. 2012; Royal et al. 2012) ; (2) expression of HIV proteins in macrophage/ microglial cells and astrocytes in the brain with envelope glycoprotein and tat expressed in the macrophage/microglial cells (Royal et al. 2012) , a pattern that is observed with HIV-1 infection in humans (Brack-Werner 1999; Glass et al. 1995) ; (3) neurodegenerative effects characterized by decreased numbers of frontal cortex parvalbumin + neurons (Sultana et al. 2010) ; and (4) the development of behavioral and motor abnormalities (June et al. 2009; Moran et al. 2013) , all which are also observed in human HIV infection (Chana et al. 2006 ). There are more than 4000 chemicals and toxic substances in cigarette smoke, many which have been shown to potentially cause serious and permanent negative health consequences due to the induction of inflammatory and oxidative damage (Burns 1991; Florek et al. 1999) . In immunological studies, smokers have been found to have increased levels of soluble markers of inflammation in the circulation (Arnson et al. 2010) . Due to nicotine's effects on catecholamine secretion, smokers may develop an up to 30% increase in peripheral white blood cell counts (Arnson et al. 2010) . For individuals with a < 50 pack-year history of cigarette smoking (light to moderate smokers), CD4+ and CD8+ T cell numbers are typically increased, whereas individuals with > 50 pack-year history of smoking (heavy smokers) have depressed CD4+ and increased CD8+ T cell numbers. Where such effects have been observed, changes in T cell numbers may be reversible; however, the improvement may be delayed for up to 2-4 years (Arnson et al. 2010) . Therefore, smoking can have prolonged effects on inflammatory responses that can continue long after smoking cessation.
Nicotine promotes cigarette smoking through its addictive properties. Also, nicotine has been shown to suppress immune activation and proinflammatory responses through direct effects on immune cells and through effects on neurally mediated pathways (de Jonge and Ulloa 2007; Sopori 2002; Sopori et al. 1998 ). This would suggest that nicotine or its metabolites may be useful for treating neurocognitive impairment. However, chronic nicotine exposure can result in desensitization of the receptor in association with an increase in receptor numbers, and, paradoxically, an increase in proinflammatory responses (Marks et al. 1993) . Similarly, HIV gp120 has been demonstrated to also upregulate microglial cell nicotinic acetyl choline receptor expression in association with downregulation of receptor function and suppression of anti-inflammatory cholinergic responses (Delgado-Velez et al. 2015) . These effects could potentially result in nicotine inducing an overall enhancement of inflammatory responses, which could exacerbate the nervous system damage that can occur in HIV-infected individuals. Such effects would be consistent with studies that show that smoking has deleterious effects on cognitive functioning among HIV-infected individuals (Chang et al. 2017; Harrison et al. 2017; Wojna et al. 2007) , although the specificity of such effects has been questioned (Bryant et al. 2013) . The studies described here are the first to analyze effects of both nicotine-containing and nicotine-free cigarette smoke exposure on inflammatory responses and behavior in the HIV-1 transgenic rat model. Previous studies of the effects of nicotine in the HIV1Tg rat model suggest that chronic nicotine exposure can have region-specific effects on nicotine-sensitive areas of brain (Song et al. 2016; Yang et al. 2016) . In the studies reported here, where the rats were exposed to nicotine at a slightly higher dose and for a longer duration, as well as to potentially additional stress from behavioral and motor testing, we observed that TNF-α, IL-1, and IL-6 gene expression levels were all increased by smoke exposure in HIV1Tg rat brains, whereas IL-6 gene expression was not increased by the exposures in F344 rat brains, suggesting the existence of a greater susceptibility to such exposures for the transgenic rat. This is consistent with our previous findings where increased proinflammatory responses were demonstrated both systemically and in brains from the transgenic versus the wildtype animals and with other studies that demonstrated the presence of increased astrocyte and microglial activation the brains of transgenic rats that were produced on a SpragueDawley rat background (Repunte-Canonigo et al. 2014) . Also, analysis of peripheral blood immune cell phenotypes in HIV1Tg rats showed increased numbers of circulating cytotoxic T cells as well as increased percentages of helper T cells and monocytes as compared to F344 rats (Abbondanzo and Chang 2014) , although helper T cells and monocytes can be functionally either proinflammatory or anti-inflammatory (Geissmann et al. 2008) .
Nicotine is associated with an increase in locomotor activity with chronic administration in rats (Clarke and Kumar 1983) . In F344 rats, nicotine was found to improve performance on a series of learning tasks, but this effect was not observed in HIV1Tg rats (Vigorito et al. 2013) . These findings could be explained by effects from viral proteins (GonzalezLira et al. 2006) , potentially inducing alterations in activation of signaling pathways in these nicotine-sensitive areas (Midde et al. 2011) . In our studies, no significant differences were noted on the novel object recognition test for F344 and HIV1Tg rats and with exposure to the cigarette smoke and nicotine. However, on the rotarod test, exposure to nicotine alone and smoke from nicotine-containing regular cigarettes increased the average latency to fall for F344 rats, with the latter exposure inducing the most profound effects. In contrast, for HIV1Tg rats, an increase in average latency to fall was noted for only exposure to nicotine-containing regular cigarettes with no increase resulting from exposure to nicotine alone, although nicotine was found to induce the most prominent cytokine responses in the animals. The lack of response to nicotine alone in the HIV1Tg rats may be potentially due to dysfunction of nicotine-responsive regions in these animals. The similar responses on the RRT by the two species of rats to regular cigarette could be explained by the fact that an analysis of a dose response may be required in order to observe differences. For the open field test, the HIV1Tg rats exposed to regular cigarettes spent longer time in the center of the open field than HIV1Tg rats that were treated with nicotine alone. These responses were not observed among HIV1Tg rats exposed to either saline, nicotine alone, or nicotine-free cigarette smoke, which resulted in times for these rats that were similar to F344 control animals. Also, a similar effect was not seen for F344 rats subjected to these exposures or to regular cigarette smoke. The specific mechanisms that are involved in these responses are unclear; however, they are likely to be related to effects induced by products of the HIV-1 transgene.
There are some weaknesses to this study. They include the wide age range for the rats and that the cytokine responses were not measured specifically in prefrontal cortex or in other brain areas that are known to be primary targets of nicotine, where it is possible that different responses will be observed. A previous study demonstrated that older HIV1Tg rats perform worse on the rotarod and open field test than younger animals (Reid et al. 2016 ). However, the study showed the same for F344 control rats, and there was no interaction with the genotype of the animals. Also, we did not test whether the effect of the transgene, per se, might have been responsible for the differences observed for the F344 and HIV1Tg rats by measuring HIV-1 gene and protein expression, and we did not measure cytokine protein levels, which may differ from measures of gene expression. However, despite these concerns, the studies contained in this report provide valuable insight into possible mechanisms by which cigarette smoking and smoke exposure might impact the development of neurological disorders in HIV infection.
